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Environmental problems associated with the use of fossil fuels and increase in energy demands due to rise in population and 

rapid industrialisation, are the driving forces for energy. Catalytic conversion of biomass to renewable energies is among the 

promising approaches to materialize the above. This requires development of robust catalysts to suppress deactivation due to 

carbon deposition and agglomeration. In this work, surface properties and chemistry such as exsolution of B-site metal catalyst 

nanoparticles, particle size and distribution, as well as catalyst-support interactions were tailored through the use of alkaline 

dopants to enhance catalytic behaviour in valorisation of glycerol. The incorporation of alkaline metals into the lattice of an A-

site deficient perovskite modified the surface basic properties and morphology with a consequent robust catalyst-support 

interaction. This resulted in promising catalytic behaviour of the materials where hydrogen selectivity of over 30% and CO 

selectivity of over 60% were observed. The catalyst ability to reduce fouling of the catalyst surface as a result of carbon 

deposition during operation was also profound due to the robust catalyst-support interaction occurring at the exsolved 

nanoparticles due to their socketing and the synergy between the dopant metals in the alloy in perovskite catalyst systems. In 

particular, one of the designed systems, La0.4Sr0.2Ca0.3Ni0.1Ti0.9O3±δ, displayed almost 100% resistance to carbon deposition. 

Therefore, lattice rearrangement using exsolution and choice of suitable dopant could be tailored to improve catalytic 

performance.
                                                                                                                                            

                                                                                                                                             

 

 

 

 

 

 

 

 

 

 

 

➢Catalyst design based on exsolved nanoparticles 

and basicity control is presented.

➢Incorporation and characterisation of alkaline 

metals in A-deficient perovskites.

➢Exsolved nanoparticles withstand coking in 

glycerol environment.

➢Relatively high selectivity and conversion of 

glycerol to hydrogen and syngas.

➢Structural and morphological design principles 

achieved would be applicable in other fields.
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1. Introduction 

 

Arguably, the quest for robust catalyst material systems with the suitable 

properties for industrial applications in the area of energy production such as 

fuel cell technology has yielded many interesting developments (Neagu and 
Irvine, 2011; Neagu et al., 2013). Remarkably, it has been recently shown that 

metal catalysts such as nickel nanoparticles could be produced at the surface 

oxide supports by means of thermal treatment in reducing atmosphere, in a so-
called exsolution process (Neagu et al., 2015; Gao et al., 2017). This catalyst 

design offers some promising properties such as control over particle size, 

growth, distribution, and strong metal catalyst-support interaction for enhanced 
catalysis. This has multiple benefits over traditional supported metal catalysts 

using wet impregnation. The conventional wet impregnation/deposition or 

assembling technique may be time consuming and difficult to control particle 
size, growth, distribution and is known to lead to relatively week catalyst-

support interaction (Perego and Villa, 1997; Lin, 2013). After the initial work 

by Nishihata et al. (2002) and Tanaka et al. (2006) on the intelligent, self-
regenerating catalyst, the concept of exsolution has been brought forward by 

significant recent developments. For instance, Neagu et al. (2013) 

demonstrated that B-site exsolution could be achieved preferentially on the 
outer surface rather than in the bulk and even for less reducible cations, by 

tailoring and controlling the defect chemistry in A-site deficient, precious 

metal-free, titanate-based perovskite. Furthermore, this has enabled the design 
of much needed efficient and robust catalytic materials for fuels and energy 

conversion (Liu et al., 2016b; Myung et al., 2016). In exsolution, the metal 

nanoparticles are exsolved to the surface by ion migration from the bulk, 
occurring during reduction stage when oxygen is being removed and electrons 

doped into the perovskite. The exsolved nanoparticles confined and socketed 

in the perovskite surface, resulting in a robust catalyst-support interaction. This 
accounts for the enhanced catalytic behaviour and resistance to carbon 

deposition (Neagu et al., 2015; Du et al., 2016; Hui et al., 2018).    

Catalysis and fuel cell technology are key in achieving a much desired clean 
and sustainable energy economy (Gao et al., 2016). In particular, the 

valorisation of glycerol from biodiesel synthesis (seen as a waste at the 
moment) for utilisation in fuel cell technology, is quite an innovative effort that 

is attracting much research interest and resources (Schwengber et al., 2016; 

Fasolini et al., 2019). Utilisation of glycerol by-product in fuel cell as 

renewable hydrogen resource, would add value to the transesterification ‘waste 

product’ and reduce cost of biodiesel production which is recently identified as 

one of the major problems hindering full commercialization of biodiesel 
production. Moreover, fouling of catalyst surface or cell degradation resulting 

in loss of performance, is also a challenge in the use of such renewable biomass-

based fuels (McIntosh and Gorte, 2004; Neagu et al., 2015). Thus, there is need 
to develop robust catalysts that are not only resistant to carbon deposition but 

also highly active. 

Perovskite materials such as the titanates can serve as supports for various 
catalytic and electro-catalytic processes due to multiple advantages including 

thermal and redox stability as well as doping flexibility (Neagu and Irvine, 

2010; Wei et al., 2014). The latter allows for enhancing their properties and is 
accommodated by various lattice-level mechanism including octahedral tilting 

or stretching and existence of ion vacancies and defect chemistry (Neagu and 

Irvine, 2010; Neagu et al., 2013). Upon doping, titanates can exhibit reasonable 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

catalytic properties, suitable morphology, microstructure, as well as ionic 

and electronic conductivity (Neagu et al., 2017; Zubenko et al., 2017). 

Surface activity can be further enhanced by exsolution, as explained above. 
Depending on the number of the exsolvable species, the exsolved metal 

catalysts may form as a single metal or as alloy of two or more metals. 

Generally, the synergy between the metals in the alloy in perovskite 
structures and between metal/metal oxide have yielded better results 

compared to single metal catalysts (Kitla et al., 2013; Zhongpeng et al., 

2013; Papaioannou et al., 2019). 
In this work, a series of new non-stoichiometric titanates systems with 

the general formula (LaM)1-α(ZNi)xTi1-xO3±δ (where M= Ca and Sr, whilst 

Z= Fe, and Cr while α = 10%) were designed and synthesized. The alkaline 
earth metals were doped into the A-site lattice to enhance surface basic 

properties and facilitate exsolution of B-site metal catalysts-Ni or Fe (first-

row transition metals). Additionally, the catalyst ability to resist fouling of 
catalyst surface due to carbon deposition is also demonstrated to further 

reveal their robust catalytic behaviour.  

 
2. Materials and Methods 

 

2.1. Catalyst synthesis and processing 
  

The materials were prepared using the oxides, carbonate and nitrates of 

the corresponding metals by a modified solid-state synthesis reported 
previously (Neagu et al., 2013). All reagents used were of high purity and 

analytical grade. The oxides were pre-dried at 300-800 oC and weighed hot 

at 300 oC in a beaker. The nitrates were also weighed depending upon the 
formulation and added to the oxide in same container. To avoid 

agglomeration and to enhance dispersion, Hypermer KD-1 

(polyester/polyamide copolymer) dispersant was added and the mixture 
was homogenised with the aid of ultrasonic probe in acetone and dried on 

hot plate followed by calcination at 1000 oC. The samples were further 
sintered at 1400-1430 oC to obtain the phase, after they were milled to 

powder form in a planetary ball mill. Then reduction of the pre-reacted 

sample was carried out in a tubular furnace at 900 oC for 30 h under 5% 

H2/Ar mixture to exsolve the metal nanoparticles. 

 

2.2. Characterization of the catalyst materials 
 

Crystallographic data was collected on a Pan-Analytical Empyrean X-

Ray Diffractometer (XRD) operating on reflection mode using Cu-Kα1 
radiation at λ = 1.5406 Å and 2θ angle range of 10-90o at room temperature 

for 1 h. 

Brunauer-Emmett-Teller (BET) surface area, Barrette-Joyner-Halenda 
(BJH) pore volume, and size were investigated on Micrometrics TriStar II 

3020 model using nitrogen adsorption/desorption at 77.35K.  Each sample 

was heated to 120 oC for 3 h to remove adsorbed moisture and gases before 
the analysis.  

Field Emission Scanning Electron Microscopy (FESEM) JEOL 

JSM6700F was used to investigate morphology and surface properties. 
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Fouling of the used catalysts surface due to carbon deposition during 

catalysis was characterized using temperature programmed oxidation (TPO) on 

NETZSCH STA 449C thermogravimetric analyser equipped with Thermostar 

mass spectrometer. A known weight of the used catalyst was introduced into 

the thermogravimetric analyser. The system was then flushed with argon to 
dispose of any other gas in the system. Oxidation of the surface carbon to CO2 

was achieved using O2 to 900 oC. Gases generated were directed to the mass 

spectrometer for detection and analysis. 
 

2.3. Catalytic gasification and steam reforming  

 

Catalytic steam reforming of pure glycerol was performed in a fixed bed 

quartz tube reactor (8 mm internal diameter (ID), 10 mm outer diameter (OD) 

and 24 cm long) at 700 oC and atmospheric pressure. The schematic diagram 
of the reactor assembly is shown in Figure 1.  

Temperature of the furnace and sample was monitored using thermocouple 

placed in proximity to the catalyst surface. Syringe Harvard apparatus 22 
infusions pump supplied the glycerol-water mixture (steam/carbon ratio 3:1) at 

the flow rate of 0.019 mL/min and weight hourly space velocity (WHSV) of 28 

h-1 to a stainless-steel pipe wrapped with heating tape at 250 oC for vaporisation 

and mixing. The vaporised reactant mixture was introduced into the reactor by 

mass flow controllers. All volumetric flows were taken at normal temperature 
and pressure (NTP). Reforming was observed for 2 h to screen the catalysts and 

  

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 
 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

10 h for time on stream (TOS)/stability test. Gaseous products were 

analysed using a gas chromatograph (GC) equipped with TCD (HP 6890 

series) and mass spectrometer residual gas analyser. The stability test was 

carried out at constant temperature of 700 oC at a heating of 5 oC under the 

helium gas carrier. The system was allowed to attain the required 
temperature and stabilised before the glycerol feedstock began to flow 

continuously for 10 h. 

 
3. Results and Discussion   

 

3.1. Analysis of X-ray Diffraction data  
 

The crystallographic data obtained at room temperature was used to 

ascertain the phase purity of the synthesised catalyst systems. The catalyst 
materials La0.4Sr0.2Ca0.3Ni0.1Ti0.9O3-δ (LSrCaNT), La0.8Ca0.1Cr0.2Ni0.2Ti0.6O3-

δ (LCaCrNT), and La0.5Sr0.4Fe0.1Ni0.1Ti0.8O3-δ (LSrFNT) were designed and 

used in this work. All materials were designed and synthesized with A-site 
deficiency of 10%. The XRD patterns shown in Figure 2 suggest that all 

materials were successfully synthesised and are in pure phase. Indexing of 

the pattern as shown in Figure 2a and b indicates that all the peaks or 

reflections are due to perovskites (Tsekouras et al., 2013). There is a shift 

in the position of the 2θ angle among the overlaid peaks as results of the 

different sizes and symmetry of the dopant and perhaps doping ratio used 
as corroborated by  the  refinement  data  provided  in Table 1. The stability 
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Fig. 1. Schematic diagram of the continuous-flow single-chamber reactor system, showing all the relevant sections used for the experiment. The reactor is a quartz tube stuck at the middle with quartz 

wool as catalyst bed and catalyst placed on the surface for contact with the incoming vaporized glycerol.

high purity carrier Helium gas at flow rate of 40 mL/min and was controlled by 
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 Fig. 2. The XRD patterns of the synthesized A-site deficient nickel-doped titanate perovskites for 

the samples showing their phase purity. (a)

 

the as prepared samples prior to reduction and (b)

 

the 

reduced samples. The figures and indexing confirmed their purity. It is also clear from the figure 

that the perovskite materials maintained their structure with no evidence of decomposition or 

disintegration after intense reduction for 30 h at 900 oC.

 

 
 

of the materials in hydrogen environment is robust as demonstrated by the XRD 

pattern of the reduced materials in Figure 2b. There is no evidence of 
decomposition of the perovskite structure after intense reduction for 30 h at 900 
oC. Though it is observable that the splitting pattern and intensity of peaks in 

the reduced pattern (Fig. 2b) are less when compared to the pattern of the as-
prepared materials (before reduction). This suggests the evolution of the 

reduced materials to lower symmetry. The shift to smaller 2θ by the reduced 
samples implies an increase in d-spacing. This is attributable to increase in the 

cell volume due to redox properties of the titania where electron during 

reduction changed the smaller Ti+4 ions to bigger Ti3+.  

Rietveld refinement of the data collected for the samples as shown in Table 

1 allowed the determination of space group, lattice parameter ‘a’, and cell 

volume. These parameters vary amongst the catalyst systems reflecting 

different ionic sizes of dopant used in the design. Though ionic size changes 

down the group and across the period on the periodic table, it is really difficult 

Table 1.  

Refinement data collected for the nickel-doped catalysts. 

 

Catalyst 
Space 

group 

Cell 

parameter 

Cell 

volume 

Refinement fit 

parameter 

La0.4Sr0.2Ca0.3Ni0.1Ti0.9O3-δ I 4 / m c m 

a= 5.4894 

b= 5.4894 

c= 7.7729 

234.22 

Rp=8.53, 

Rwp= 10.6, 

RExp=11.43, 

X2=0.661 

La0.5Sr0.4Fe0.1Ni0.1Ti0.8O3-δ I 2/a 

a= 7.8009 

b= 5.5387 

c= 5.5188 

238.454 

Rp=11.1, 

Rwp= 15.3, 

RExp=10.45, 

X2=2.13 

La0.8Ca0.1Cr0.2Ni0.2Ti0.6O3-δ P b n m 

a= 5.5246 

b= 5.0547 

c= 7.7836 

236.746 

Rp=7.24, 

Rwp= 9.69, 

RExp=10.93, 

X2=0.787 

 

 
to make a good correlation which reflects what is observable on the periodic 

table because of the complexity of the design. This is because other ions in 

the design aside alkaline metals also contribute to the observed variation of 
the parameters. 

The original XRD pattern of the synthesised materials showed a good 

matching and correlation with the refinement model and the proposed space 
groups as seen in Figure 3a-c. This further strengthened the phase purity 

of the synthesised catalyst systems. Crystal model is also provided to show 

the orientation of the atoms in space and octahedral distortions, i.e., in-out-
of-phase tilting further reflecting and corroborating the influence and role 

of the dopant ions.  
Although the level of A-site deficiency is the same in all the samples, 

a clear manifestation of the influence of varying dopants used. These 
catalytic properties are also expected to reflect in the catalytic behaviour of 

the systems.  

 
3.2. Surface properties and microstructure 

 

Surface properties such as surface area, pore size and volume were 
investigated and the result obtained from the analysis is shown in Table 2. 

The results show that the surface area of the as prepared materials was 

enhanced after the reduction. This is attributable to the fact that the 
exsolved catalyst nanoparticles are dispersed and decorated on the titanium 

oxide surface as shown by the SEM micrograph in Figure 4, which has 

modified the surface morphology resulting to the larger surface area. 
La0.4Sr0.2Ca0.3Ni0.1Ti0.9O3-δ and La0.8Ca0.1Cr0.2Ni0.2Ti0.6O3-δ surface area were 

better enhanced relatively compared to the La0.5Sr0.4Fe0.1Ni0.1Ti0.8O3-δ 

catalyst. Generally, perovskite materials synthesised by the conventional 
methods have yielded small surface area in the range of 1-15 m2/g which is 

not much suitable for a supported metal catalyst (Yasutake et al., 2000; 

Evans et al., 2016). Efforts being made to enhance surface area and 
morphology of perovskite materials to improve catalytic activity such as 

the use of template (Afzal et al., 2017; Chen et al., 2019) and exsolution 

(Lindenthal et al., 2020; Kwon et al., 2020). Such efforts have proved useful 
and compares favourably with the results obtained in this work. 

Considering the method of preparation (solid state synthesis) used herein 

which does not much enhance surface area and the high sintering 
temperature used in calcination, the materials showed reasonable surface 

area nonetheless after exsolution when compared to other methods used in 

related work (Chen et al., 2019). Results of the catalysis of the reformates 
from glycerol decomposition and gasification in this work illustrated in 

Figure 5a and b go to further support this observation.  

Microstructure and morphology of the catalyst systems was also 
investigated to assess the extent of exsolution of the catalyst nanoparticle, 

their dispersion or distribution as well as suitability or otherwise of the 

surface for catalysis. The materials showed some level of exsolution of the 
catalyst particles as shown in Figure 4a, b, and c.  

The exsolved nanoparticle metal catalysts are uniformly distributed on 

the surface and are largely Ni as well as Ni-Fe alloy grown from the parent 
perovskite lattice structure. The alloys are likely to demonstrate enhanced 

catalytic activity, suppression of  carbon  deposition as  well as  reducibility  

1345

the different space groups, cell volumes, and lattice parameter obtained are
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Fig. 3. Comparison of the proposed tetragonal model with the XRD pattern of the prepared materials showing good matching and emphasizing their phase purity. The crystal model projection of the 

structure is to show octahedral distortion within the lattice structure. (a) Out-of-phase tilting along z axis only in line with the I4/mcm space group with La0.4Sr0.2Ca0.3Ni0.1Ti0.9O3-δ, (b) out-of-phase tilting 

along x and y axis but in-phase tilting along z axis as the 12/a space group suggests with La0.5Sr0.4Fe0.1Ni0.1Ti0.8O3-δ, and (c) La0.8Ca0.1Cr0.2Ni0.2Ti0.6O3-δ shows in-phase tilting along all the axes in 

agreement with p b n m space group.
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Table 2.  

Surface properties of the materials before and after reduction. 

 

Catalyst Systems 
Surface Area before 

Reduction (m2/g) 

Surface Area After 

Reduction (m2/g) 

La0.4Sr0.2Ca0.3Ni0.1Ti0.9O3-δ 2.9 8.8 

La0.8Ca0.1Cr0.2Ni0.2Ti0.6O3-δ 2.0 4.2 

La0.5Sr0.4Fe0.1Ni0.1Ti0.8O3-δ 1.6 2.5 

 

 

 
 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
of the nickel particles for effective catalytic behaviour relatively when 

compared to other materials prepared by impregnation (Wu et al., 2014; Liu et 

al., 2016a; Papaioannou et al., 2019). This is attributable to their redox stability 
particularly the chromia-doped titania, enhanced catalyst-support interaction 

alloy as reported in related studies (Tao and Irvine, 2004a; Papaoannou et al., 

2019). Moreover, the constituent alkaline dopant metals; calcium and strontium 

enhanced acidic-basic sites and strengthened the nickel behaviour in C-C bond 

cracking and gasification of glycerol. Interestingly, all materials were designed 
with A-site deficiency of 10% for easy correlation, they only vary in terms of 

the dopant cations and doping ratios used. Therefore, the disparity in the degree 

of exsolution of B-site nanocatalyst shown by the materials in Figure 4 can be 
attributed to influence of dopants. However, it is observed that the level of 

exsolution with the alkaline modified materials is not as good when compared 

to similar materials doped with ceria (Figure 4c, d, and e) that are not part of 
this work. This is attributable to strontium that is known to ‘hinder’ exsolution 

of B-site cations (Neagu et al., 2015; Papaloannou et al., 2019). It is interesting 

to note that the contribution of dopant metal on the exsolution of catalyst 
particle is clearly manifested in Figure 4 between the non-ceria and ceria-

doped materials. The ceria-doped better demonstrated exsolution phenomenon 

than what is seen with the non-ceria materials.  

3.3. Catalytic activity as demonstrated by the catalyst materials in steam 

reforming  
 

The catalytic activity of the prepared catalyst materials was investigated 

at 700 oC using pure glycerol at 2.60 x 10-4 mol/min molar flow rate of 

glycerol-water solution and WHSV of 28 h-1. Steam-carbon ratio of 1:3 was 

maintained throughout the duration of the test. The efficacy of the catalyst 

systems in the production of some useful gases was used to evaluate 

catalytic activity. The result obtained  as  shown in Figure  5a and  b gives 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

the ratio of the predominant gas composition been H2 and CO as well as 

CO2 from the catalytic test plotted against the respective catalyst systems 
in comparison with equilibrium composition. Other gaseous products 

detected along with the predominant H2 and CO are CO2 and CH4, 

respectively, as shown in Figure 5b. 
This suggests that the exsolved catalysts are active as the non-exsolved 

catalyst yielded no activity. The La0.4Sr0.2Ca0.3Ni0.1Ti0.9O3-δ was found to be 

more active whilst La0.8Ca0.1Cr0.2Ni0.2Ti0.6O3-δ was the least active. The 
performance of the two best is attributed to the highly basic sites due to Ca 

and Sr dopants in La0.4Sr0.2Ca0.3Ni0.1Ti0.9O3-δ and the influence of the 
synergy due to Ni-Fe alloy in La0.5Sr0.4Fe0.1Ni0.1Ti0.8O3-δ in addition to the 

basic sites. The catalytic activity is comparable to what was reported by 

Ramesh and Venkatesha (2017) and Papaioannou et al. (2019). The 
prevalence of the predominant gases is attributable to the exsolved nickel 

particles and rapid pyrolysis due to kinetic which has facilitated the 

gasification and oxidation of the glycerol carbonaceous decomposition 
products leading to the formation of CO as supported in related works (Wu 

et al., 2014; Ramesh and Venkatesha, 2017). Other contributing factor that 

might have influenced the observed catalytic behaviour is the reverse water 
gas shift reaction (RWGSR). These observations are well manifested and 

corroborated by the robust suppression  of  carbon  deposition demonstrated 
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Fig. 4. Micrograph of the alkaline modified A-site deficient perovskite showing exsolved metal particles in (a) La0.4Sr0.2Ca0.3Ni0.1Ti0.9O3-δ; (b) La0.8Ca0.1Cr0.2Ni0.2Ti0.6O3-δ; (c) La0.5Sr0.4Fe0.1Ni0.1Ti0.8O3-δ; 

(d) La0.6Ce0.05Sr0.1Ni0.1Ti0.9O3-δ; (e) La0.8Ce0.1Ni0.4Ti0.6O3-δ; and (f) La0.7Ce0.1Fe0.3Ni0.1Ti0.6O3-δ.

due to exsolution, and synergy between the combined catalyst particles in the 
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Fig. 5. Catalytic activity expressed as (a) ratio of predominant gases against respective catalyst 

systems and (b) comparison of the hydrogen produced and other gaseous products in mol/mol 

glycerol with CO selectivity. Both figures reflect the extent of the catalytic activity and selectivity 

of the catalyst systems for the desired products. 
 

 
by the materials as a result of rapid oxidation of carbonaceous products from 

the decomposed glycerol feedstock (See Section 3.5).  

Although CO2 and H2 were generated as well as a result of Ni and Ni-Fe 
alloy propensity for water-gas-shift reaction (WGSR) (Popovic, et al., 2020), 

the hydrogen production could be influenced by the reaction and material 

processing conditions. This includes the high temperature employed during 
sintering and reduction process on the samples in this work which would have 

reduced the surface area of the materials. RWGSR favoured by the catalyst 

system and other reactions leading to the formation of acrolein and carbonyl 
compounds also contributed. Throughput due to low catalyst bed thickness as 

a result of small amount of catalyst used from the test (50 mg) is also likely to 

reduce the contact time and the product dissemination from the reactions. 
Nonetheless, the results show that the catalyst materials are quite suitable for 

hydrogen and syngas production. Figure 5b depicts a correlation between the 

gaseous products in mol/mol glycerol and selectivity for CO been one of the 

predominant gaseous products. It  is  evident  that  the  catalysts  are  good  for  

syngas production, especially La0.4Sr0.2Ca0.3Ni0.1Ti0.9O3-δ due to its high 

basic surface from Ca and Sr dopant. The catalytic activity has manifested 

not only in the oxidation of the carbonaceous glycerol decomposition 

products leading to the generation of hydrogen rich gas or syngas, but also 

in the suppression of carbon deposition as corroborated by the result of the 
catalyst test and coke suppression, presented in Section 3.5. The syngas 

produced could be used as alternative renewable hydrogen fuel for 

utilisation in a variety of processes in the area of energy production such as 
in solid oxide fuel cell.   

 

3.4. Durability and stability of the catalyst system 
 

The catalysts systems were tested for several hours to further analyse 

their activity as well as stability to deactivation as a result of carbon 
deposition, catalyst sintering, or poisoning due to prolonged usage in 

gaseous stream. The test was carried out by monitoring hydrogen 

production per mole of glycerol over time for 10 h. The test was performed 
at 700 oC using a continuous flow of pure glycerol-water mixture at the rate 

of 2.60 × 10-4 mol/min and steam-to-carbon ratio of 3:1 at atmospheric 

pressure and WHSV of 28 h-1. The result obtained is as shown in Figure 6. 

Considering the trend of activity in Figure 6, all the catalyst systems 

showed good activity and stability with only a slight drop within the first 

three hours with catalyst systems La0.4Sr0.2Ca0.3Ni0.1Ti0.9O3-δ and 

La0.5Sr0.4Fe0.1Ni0.1Ti0.8O3-δ, then, stabilization of stability was resumed 

thereafter. The catalytic behaviour of the perovskite observed in this case, 

can be compared to what was reported in related works by Chen et al. 
(2019) and Ramesh and Venkatesha (2017). The chromium-doped system 

has shown better stability which is typical of chromium-based systems (Tao 

and Irvine, 2004a and b). These attest to the fact that the catalyst systems 
are quite active and stable and could be used as a guide in tailoring and 

design of robust catalyst systems. 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 
 

 

 
 

 

 

  

Moreover, the basic property and suitability of the dopant metal used 
enhanced rapid oxidation of carbonaceous decomposition products from 

the glycerol feedstock which helped to suppress the carbon deposition and 

improve stability of the catalysts. Consequently, the catalyst systems 
demonstrated high products selectivity and stability in gasification and 

steam reforming of glycerol for hydrogen production as well as resistance 

against fouling of catalyst surface by coke (Fig. 7). Hence, the synergy 
between alkaline surface due to the dopant metal used and defect chemistry 

could be explored in catalyst design for effective gasification of feedstock 

such as glycerol to produce hydrogen and syngas. 
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Fig. 6. The catalytic activity and stability of the materials showing how the hydrogen 

produced in mol/mol of glycerol changes over time.
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3.5. Suppression of coking activities by the catalyst systems 

  

To investigate the level of carbon deposition with the view of understating 
how the materials were able to suppress coking activities, the used catalyst after 

10 h of continuous test was subjected to temperature programmed oxidation 

and the result is shown in Figure 7. The temperature at which bulk of the 
carbon was oxidised and weight lost on the thermogravimetric analysis (TGA) 

was used to assess the nature of the coke and extent of the coking activities, 

respectively. 
Generally, the TGA profile showed a gentle weight loss among all the used 

catalysts which suggests a mild coking was recorded for all. This also suggests 

a robust suppression of coking by these catalyst materials as is known with 
perovskite catalyst of this design (Neagu et al., 2015; Sun et al., 2016). This is 

attributable to the basic surface properties due to the alkaline dopant as well as 

lattice A-site deficiency that are known to enhance rapid oxidation of 
carbonaceous gases from glycerol decomposition. The 

La0.4Sr0.2Ca0.3Ni0.1Ti0.9O3-δ titinate stood out among the other catalysts almost 

completely hindering carbon deposition. This is attributed to the good catalyst-
support interaction from the exsolved particles as well as basic character of the 

strongly basic alkaline earth metal-Ca and Sr dopants added to it. The nature 

and location of its carbon was also different relatively. Its carbon was oxidised 
at lower temperature (400-500 oC) which depicts an easy-to-oxidise amorphous 

carbon deposited on the catalyst metal surface. Whilst both 

La0.8Ca0.1Cr0.2Ni0.2Ti0.6O3-δ and La0.5Sr0.4Fe0.1Ni0.1Ti0.8O3-δ have their 
corresponding CO2 peaks at intermediate temperatures (500-600 oC) which 

depict polymeric or graphitic carbon deposited at metal-support interphase. 

 
4. Conclusions and future prospects 

 

The present work revealed that catalytic properties could be tailored using 
suitable dopants to modify surface chemistry for enhanced structural properties 

such as robust catalyst-support interaction and suitable surface morphology to 

achieve promising catalytic behaviours. The alkaline earth-lattice defect 
mediated exsolved B-site metal alloy particles were anchored and socketed on 

the thermally-stable titanate oxide support. These showed some interesting 

surface properties, chemistry and design such as improved catalyst-support 
properties, particle size and distribution as well as thermal stability against 

agglomeration and catalyst deactivation. The perovskite structured materials 

demonstrated some catalytic activity in gasification and steam reforming of 
renewable feedstock such as glycerol to generate hydrogen and syngas. The 

robust active nature of the catalyst systems was more importantly manifested 

in prolonging the catalyst durability and ability to suppress carbon and catalyst 
deactivation. The catalysts have much prospect in production of hydrogen and 

syngas that could be used in a variety of ways in the area of energy production. 

Therefore, other alkaline earth metals should be investigated in future and 

dopant ratio should be optimised to get the best catalyst formulation. 

Influence of other parameters such as temperature, catalyst amount, 

reaction time, etc. should also be taken into account to come up with best 

reaction condition that would ensure maximum yield. First raw transition 
metals such as Co, Cu, and Mn could be substituted on the B-site to enhance 

catalytic behaviour. Reforming other liquid feedstocks for hydrogen 

production should also be investigated. 
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